ABSTRACT: Mass-bleaching events (in which corals and other symbiotic invertebrates lose their zooxanthellae) have been occurring every 3 to 4 yr since 1979 The last report of widespread mass-bleaching in the Pacific (which included bleaching around French Polynesia) was in February-April 1991. This paper reports on mass-bleaching along the outer reef slope of Moorea. French Polynesia, in April 1994. Mass-bleaching was extensive at all sites visited, with corals being bleached down to 25 m. Colour loss by corals was due to low area1 densities of zooxanthellae and the percentage of live coral affected ranged between 39.6 (* 7.12, SEM) ( N W sites) and 72.4 (t 7.1 l , SEMI (NE sites). Bleaching also varied as a funct~on of depth and included a wide range of species Acropora spp. showed the most severe bleaching (89.0 to 100% of all colonies completely bleached) and Pontes spp. showed the least amount of bleaching (12 9 to 42.5'K of all colonies partly bleached). Pocillopora spp. showed intermediate bleaching (73.9 to 92.1 % of all colonies either partly or completely bleached). The results of this report indicate that current bleaching is on a scale equal to that of the 1991 bleaching event. Temperatures recorded hourly at 14 m off the outer reef slope from July 1991 to August 1994 (and those from satellite sea surface temperature readings) indicate unusually warm sea temperatures in March 1994, which were approximately l.O°C higher than the highest temperatures recorded in 1992 and 1993, years in which bleaching on a massive scale did not occur. The appearance of warmer temperatures preceded the onset of bleaching by 2 to 3 wk, which strongly confirms the hypothesis that positive thermal anomalies are responsible for recent bleaching events in the Central and Western Pacific.
INTRODUCTION
The mass-bleaching of coral reefs results in corals and other symbiotic invertebrates losing their characteristic brown colour ('bleach'; Yonge & Nichols 1931). Since 1979, major mass-bleaching events have been reported approximately every 3 to 4 yr (for review, see Williams & Bunkley-Williams 1990) , and have been accompanied, in most cases, by a significant mortality of bleached invertebrates (Harriot 1985 , Oliver 1985 , Glynn 1988 , Brown & Suharsono 1990 , Salvat 1991 , 1992b . Previous studies have shown that bleaching 1s due either to the disappearance of zooxanthellae from the tissues of the host or to the loss of photosynthetic pigments by resident zooxanthellae (HoeghGuldberg & Smith 1988 , 1989 , Reese et al. 1988 . In most mass-bleaching events investigated so far, however, loss of zooxanthellae has been identified as the major reason for colour loss during the bleaching of corals (Hoegh-Guldberg & Smith 1988 , 1989 , Gates 1990 , Glynn & D'Croz 1990 , Hayes & Bush 1990 . The outward movement of zooxanthellae has been shown to be due to the detachment and expulsion of host endodermal cells that enclose zooxanthellae in laboratory experiments (Gates et al. 1992) although how universal this observation is for corals undergoing bleaching in the field remains to be determined.
Corals normally show low rates of loss of zooxanthellae to the water column (Hoegh-Guldberg et al. 1987) . A range of physical conditions, however, prothat the current bleaching event is at least as severe as voke greater rates of loss from symbiotic hosts (Yonge that Lesser et al. 1990 ).
on-site measurement and satellite data) indicate that Experimental manipulations of PAR (photosynthetiwarmer than normal sea temperatures were associated cally active radiation) or ultraviolet light (Vaughan with (Jokiel & Coles 1974 , 1977 , Coles & Jokiel 1978 , MATERIALS AND METHODS Hoegh-Guldberg & Smith 1989, Gates et al. 1992 ) produce characteristics in corals simFour sites were examined along the northern reef ilar to those of bleached coral collected in the field.
slope of Moorea (Fig. 1A) . In addition to measurements Other factors such as reduced salinity may cause to assess the intensity and extent of mass-bleaching, colour loss but do not cause corals to lose zoothe connection between elevated sea temperature and xanthellae to the extent seen during mass-bleaching the advent of mass-bleaching was explored using data events (Hoegh-Guldberg & Smith 1989) . Field studies from continuous in situ temperature measurements have also correlated changes in environmental varialong the outer reef slope of Moorea. ables with mass-bleaching (for review, see Glynn
Temperature measurements. Temperatures were 1993). So far, the most consistent factor associating recorded during dives at all sites. In addition, temperawith mass-bleaching events has been elevated sea tures were obtained from a monitoring project at 14 m temperatures (Glynn 1984 , Lasker et al. 1984 at Site D (Tiahura, D in Fig. 1A ) where measurements Gates 1990 , Salvat 1991 , Glynn & Colgan 1992 , and were taken every hour continuously using waterproof recent evidence (e.g. Coffroth et al. 1990 , Glynn 1993 thermocouples (accuracy +0.05"C) and in situ data logGoreau & Hayes 1994) has strengthened the connecgers. Regional trends in sea temperature were also tion between elevated seawater temperatures and acquired from satellite data (monthy editions of Climass-bleaching events (but see Atwood et al. 1992) .
mate Diagnostics Bulletin, Climate Analysis Center, The scale of the disturbance to coral reefs, and its U.S. Dept of Commerce, National Oceanic and Atmosapparent appearance at the beginning of last decade, pheric Administration, Washington, DC, USA). has made mass-bleaching a concern for both scientists Transect data. The extent of bleaching was examand policy makers alike (Roberts 1987 ined at the 4 sites. At each of 3 sites (NW, Middle and 1992 , Salvat 1992a , Sebens 1994 . The last report of NE), three 30 m transect lines were established (tranwidespread mass-bleaching was in February-April sects began at 5 m and ended at 13 to 15 m depth), and 1991, which also involved large areas of French Polyphotographs were taken of corals growing on either nesia. Beginning in February 1994, however, reports of side of the transect line. Bleached corals are easily dismass-bleaching were received from divers, scientists cernible from unbleached corals as shown in Fig. 1B and tour operators in areas of the central and western (sample photograph from transect series). Coral Pacific (Cook Islands, Western Samoa, American colonies growing within 1.5 m on either side of the Samoa, French Polynesia; L. Goldsworthy & E. Mealy, transect line were analysed for evidence of bleaching. Greenpeace International, pers. comm.). These prelimCorals greater than 5 cm in size were identified, inary accounts indicated visual estimates of bleaching counted and assigned to 1 of 3 categories: completely that ranged from 50 to 100% of hard corals in these bleached; partly bleached; and no evidence of bleachareas and suggested that mass-bleaching was on a ing. Proportions of the total number of living colonies scale similar to that of the 1991 event.
that were bleached were calculated from these data. This study reports on the extent of mass-bleaching Selected subsets of data were scored by a second peron the outer reef slope of Moorea in French Polynesia son (S. Dove) and were found to confirm the results of in April 1994. The aim of this study was to determine the primary analysis. the size and extent of mass-bleaching, and to compare Four transect lines (length: 100 m) were also moniit to previous mass-bleaching events in French Polynetored in situ (in a separate study) during dives at the sia (Salvat 1991 , 1992b , Gleason 1993 Salvat (1991 Salvat ( , 1992b and Gleason (1993) bleaching events. Several biomass parameters were examined in corals growing at 3 depths (7, 13 and 23 m) at Site D (Fig. 1A) . Two branches were removed from each of 4 colonies of the corals Pocillopora verrucosa, Acropora samoensis and A. subulata growing at each of the 3 depths. Samples were taken immediately to the Gump Biological Station, Moorea, and were fixed in 5 % formalin in seawater for 24 h. After measuring the surface area of each colony using the foil method of Marsh (1970) , the samples were decalcified in 5 % HCl. Following decalcification, tissue samples were rinsed in distilled water, blotted dry and weighed using a Sartorius balance (= wet weight). Samples were then minced, mixed and a small portion of the sample was separated and weighed. This subsample was homogenized in filtered seawater, and the number of zooxanthellae counted. The rest of the minced sample was dried for 10 d at 60°C in a ventilated oven, and reweighed (= dry weight). The number of zooxanthellae was standardized to (1) surface area, (2) total wet weight, and (3) total dry weight.
Statistical analysis. Transect data were analysed using ANOVA (GMAV5, A. J.
Chapman, University of Sydney) after verifying that data were homoscedastic (Cochran's test), and ensuring that immediately adjacent quadrats were never analyzed within the same analysis in order to ensure data independence. Data were transformed using the arcsin function in cases where results were proportions or percentages.
RESULTS
When the research team arrived at the first transect site (NE), bleached corals were conspicuous from the surface as a white haze across the submerged reef substratum. This was despite the fact that the reef substratum was approximately 15 to 20 m below the boat. Subsequent inspection at all sites along the outer reef slope off the northern coast of Moorea revealed clear signs of mass-bleaching from the surface.
Water column temperatures
Temperatures recorded at the surface and at depths down to 20 m during dives in this study ranged show a n increase in water column temperature that began in January 1994 and reached levels in March that were 0.9 and 0.8"C higher than temperatures recorded in March 1992 and 1993 (both years in which bleaching on a massive scale did not occur Analysis of the total number of colonies of each type of coral at the NW, Middle and NE sites revealed a significant interaction (p < 0.0001) between site and category (genus) of coral (e.g. Acropora spp. versus Pocillopora spp.; Fig. 3 ). The NW site was relatively impoverished with respect to some coral categories (Pocillopora spp., Acropora spp.; Fig. 3A , B), while being relatively richer in some other coral categories (e.g. Porites spp.; Fig. 3C ). The 3 sites did not differ with respect to the number of fungiids (Fig. 3D) or the presence of encrusting or massive corals (Fig. 3E) . The mean number of fungiids did, however, increase from NW to NE. Species composition derived from visual estimates made at Site D (Table 1) confirmed the community trends found across the north coast of Moorea (Fig. 3A to E) .
Extent of mass-bleaching on the outer reef slope of Moorea Data representing the percentage of all coral colonies bleached from non-contiguous quadrats were used in order to reduce the possibility of interdependence between data. To achieve this, every second quadrat was eliminated from the analysis. The results of the analysis of variance of the percentage of all coral colonies bleached revealed a significant interaction (p < 0.001) between the field site and depth at which the samples were collected. In the case of data concerning Pocillopora spp. alone, variation with depth and site was significant (p < 0.001) while the interaction between site and coral category was not significant (p > 0.05).
Variation between sites. Subsequent analysis [Student-Newman-Keuls (SNK) tests] revealed significantly lower proportions of bleached corals at the NW site than the other 2 sites (p < 0.05; cf. 39.6% versus 67.1 % and 72.4 %; see Fig. 4 ). This trend also held for Pocillopora spp., with a significantly lower proportion of colonies being affected at the NW site (p < 0.01, Fig. 5A ). Visual estimates of bleaching from Site D confirmed the trends found at the other 3 sites ( The approximate area examined along each transect was 90 m2 Shown are means and standard errors of the mean (n = 3). Llnes connect means that are not statistically different; s~g n~f i c a n t differences indicated bv "ID c 0.011 deeper sites (p c 0.05; Fig. 4A ). There was no such trend at the Middle site, and the trend was reversed at the NE site, with significantly more corals bleached at the deeper site (p 0.05).
The variation in bleaching with depth was also investigated for Pocillopora spp. alone. In this case, significantly greater numbers of colonies showed signs of bleaching at the deeper sites (p c 0.01; Fig. 5B, C) .
Species-dependent susceptibility to bleaching
The extent to which bleaching occurred varied between different categories of coral ( by CRIOBE SCUBA divers (Table 2) .
Mortality was low, with less than 1 ?h of coral colonies Densities of zooxanthellae as a function of depth having recently died (detected as white skeletons with beginning growths of algae).
Coral colonies (4 randomly selected colonies of each Variation between depths. The percentage of corals species) selected for this part of the study showed some bleached varied significantly with depth in a sitedegree of bleaching. Analysis of tissue weights per surface area of skeleton (Table 4) revealed Fig. 4 . Percentage of coral colonles affected by bleaching at 3 sites on the outer reef slope along the north coast of Moorea. Shown are means and standard errors of the mean (SEM) for 2 depths (n = 9 quadrats of 3 m'). Significant differences detected: ' p < 0.05, "p < 0.01. Overall means and SEM are also reported for data pooled for each site
DISCUSSION AND CONCLUSIONS
The results of this study confirm the reports of a major mass-bleaching event in French Polynesia in April 1994. Reports of mass-bleaching on a scale similar to that in French Polynesia (e.g. Cook Islands, American and Western Samoa] indicate that massbleaching was probably in progress in a wide area of the Central and Western Pacific. The unusually high sea temperatures for this location (1°C higher, 
F h E Other
Depth ( C Acropora subulata Mean = 0.40 Mean = 34.0 Fly 7 Density of zooxanthellae per area and per wet wt, In colonies ( n = 4 ) of 3 specles from 3 depths off the outer reef slope, north coast of Moorea Shown are means and standard errors of the mean S~gnlflcant differences ~ndlcated by "(p < 0 01) or ' ( p < 0 05) Lines connect samples that are not statlstlcally different Between 39.57 and 72.38 % of the live coral colonies were either partly or completely bleached along the outer reef slope of the north coast of Moorea. The extent of bleaching varied with depth, being significantly greater at shallow depths at one site (NW site), while being significantly greater at depth at another site (NE site). The difference between sites in the total amount of bleaching and the trend with depth is in part due to the different species composition along the outer reef slope of Moorea. While colonies of Acropora spp. numbered only approximately 20 (per 90 m2 transect) at the NW site, close to 100 Acropora spp.
colonies (per 90 m2 transect) were present at the Middle and NE sites (Fig. 3 ) . Conversely, Porites spp., a group of species that appears relatively resistant to bleaching ( Fig. 6C ; see also Salvat 1991 , Gleason 1993 , is also at least twice as abundant at the NW site as compared to the other 2 sites. The lower numbers of susceptible species (e.g. Acropora spp.) and increased numbers of tolerant species (e.g. Porites spp.) probably combine to give the observed differences between sites along the outer reef slope of Moorea. It is important to indicate that some differences between sites could be traced to differences in the response within a particular coral type. Pocillopora spp. showed lower overall bleaching at the NW site (73.9 + 13.28%) relative to the other sites (Middle site: 88.7 + 9.59%; NE site: 92.1 + 4.54%). This effect was slight, however, compared to the larger differences accountable for by the different proportions of coral types that had vastly different susceptibilities to bleaching.
Species-dependent susceptibility to bleaching
The order of susceptibility to bleaching reported by Salvat (1991) and Gleason (1993) (Acropora spp., Pocillopora spp., Porites spp.) was confirmed in the present study. This sequence also appears to support the suggestion that coral genera with fast growth rates and high metabolic rates are the most susceptible to bleaching (e.g. Acropora, Pocillopora versus Porites; Glynn 1993 ). The differences in susceptibility between species also suggest the potential for the development of indices (based on the extent to which particular genera are affected) for monitoring the severity of a massbleaching event. Although interpretation of similarities and differences between mass-bleaching events should be done cautiously (i.e. taking into account differences between observers and biogeographical considerations), it does suggest a possible device to monitor and compare the severity of mass-bleaching events (e.g. events with bleached Acropora spp, only would indicate milder events than those with Pontes spp. as well). All available evidence, for example, points to the fact that the current mass-bleaching event is at least equal in magnitude to the mass-bleaching event that occurred across French Polynesia in 1991. For example, Salvat (1991) (Table 2 ). This low mortality at the beginning of a bleaching event agrees well with mortality estimates observed in April 1991 (Salvat unpubl.) . Based on the eventual mortality of the 1991 bleaching event (Salvat 1991) , 20% of the corals making up the outer slope community will die by the end of August 1994. The great differences in the mortality of particular coral taxa following bleaching (e.g. Acropora spp. > Pocillopora spp. > Porites spp. ; Salvat 1991 , Gleason 1993 indicates that some coral species will experience far greater impacts. Only 10% of bleached Acropora spp., for example, recovered during the 1991 mass-bleaching event while all colonies of bleached Porites spp. recovered (Gleason 1993) . A similar proportion of the Acropora spp. bleached during the current bleaching event are expected to survive.
Given the quite striking differences in the susceptibility and mortality between species, mass-bleaching events have the potential to change the structure of coral communities towards those dominated by more tolerant species such as Porites spp. (Gleason 1993) .
How (and indeed if) reef communities change given the impact of regular mass-bleaching events is still the subject of much speculation (Glynn 1991 (Glynn , 1993 . However, the increased frequency (1983, 1987, 1991, 1994) and severity of recent mass-bleaching events might be expected to favour some coral genera over others in ways that are not simply related to temperature tolerance. Pocillopora spp., for example, are reproductively mature in half the time of Acropora spp. (1 to 2 versus would not. Other factors such as reef connectivity and larval supply are also likely to play key roles in determining the extent to which particular reefs may remain impoverished following mass-bleaching. Although the precise impact of mass-bleaching has yet to be determined, it is important to point out that there are some examples of species (e.g. hydrocoral Millepora boschrnai) that already appear to have come close to being globally extinct in the face of repeated massbleaching events (Glynn & Mass-bleaching, water temperature and global warming: possible connections An important highlight of the present study is the continuous temperature data measured in situ before, during and after the advent of the 1994 mass bleaching, which (to the knowledge of the authors) is the first time data of this nature have been collected. Water temperatures during the first half of 1994 were unusually high ( Fig. 2A) , ranging up to a degree higher than those of 1992 and 1993 ( Fig. 2A) . Bleaching did not occur on a massive scale in 1992 or 1993 (Salvat unpubl.) . Significantly, in situ temperatures were higher than 29°C for 3 mo in 1994, but did not increase above 29°C in 1992 or 1993. Corals from a similar thermal regime (e.g. Lizard Island, Great Barrier Reef) bleached at temperatures above 29°C (Hoegh-Guldberg & Smith 1989). SST from the NOAA satellite data also confirm the conclusions from the In situ monitoring project and further strengthen the suggestion that subtle temperature increases (+ 1°C) over 2 to 4 wk can have substantial influences over the health of hermatypic coral and other invertebrate symbioses.
While a good connection between warmer than usual sea temperatures and mass-bleaching has been established, the connection between global climate change (Glynn 1993 , Goreau & Hayes 1994 and the recent spate of unusually high sea temperatures is beyond the confines of this study. However, it is becoming increasingly apparent that small increases in sea temperature have potentially major consequences for coral reef ecosystems. Given the temperature increases predicted in a n unrestrained global warming scenario ( l to 5°C by the year 2100; Intergovernmental Panel on Climate Change, in Wigley & Raper 1992), it is clear that coral reefs may be the first ecosystems to register a response to global climate change. The study of the changes to coral reef ecosystems in the face of regular mass-bleaching events, though in its infancy, must be a priority of future research efforts into understanding the ramifications of global climate change.
